The tendency to conceive spontaneous dizygotic (DZ) twins is a complex trait with important contributions from both environmental factors and genetic disposition. Twins are relatively common and occur on average 13 times per 1000 maternities, though the twinning frequency varies over time and geographic location. This variation is mostly attributed to the differences in DZ twinning rate, since the monozygotic twinning rate is relatively constant. DZ twinning is in part under genetic control, with mothers of DZ twins reporting significantly more female family members with DZ twins than mothers of monozygotic twins. Maternal factors such as genetic history, advanced age and increased parity are known to increase the risk of DZ twins. Recent research confirmed that taller mothers and mothers with a high body mass index (30>) are at greater risk of DZ twinning. Seasonality, smoking, oral contraceptive use and folic acid show less convincing associations with twinning. Genetic analysis is beginning to identify genes contributing to the variation in twinning. Mutations in one of these genes (growth differentiation factor 9) are significantly more frequent in mothers of DZ twins. However, the mutations are rare and only account for a small part of the genetic contribution for twinning.
Introduction
Of the 30 people you meet in Europe or the USA, one of them is likely to have a twin brother or sister. The lowest chance of meeting a twin is in Asia, where 1 in 70 persons is a member of a twin and the highest chance in Nigeria where 1 in 12 persons is a member of a twin pair. In most countries, the twinning rate has steadily increased since the 1980s following a long-term decline in twinning rates from 1900 onwards (Derom et al., 1995; Eriksson et al., 1995) .
There are two types of twins, dizygotic (DZ) and monozygotic (MZ) twins (Hall, 2003) , and their etiology is very different. DZ twinning occurs when two separate oocytes are released during the same menstrual cycle (a multiple ovulation event) and fertilized by two sperm. DZ twins, therefore, have the same genetic relationship as ordinary brothers and sisters and on average share 50% of their genes. They can be same sex (boy -boy or girl -girl) or opposite sex (boy -girl) twin pairs. In contrast, MZ twins arise when an embryo splits soon after fertilization. MZ twins carry essentially identical genetic instructions (share 100% of their genes) and are always of the same sex (boy -boy or girl -girl) (Bomsel-Helmreich and Al Mufti, 1995) .
The mechanism(s) leading to DZ twins operate on the selection of developing follicles within the ovary where instead of one ovum being released mid-cycle, two follicles mature and both oocytes are released ready for fertilization. For MZ twins, unknown mechanism(s) affect the early development of the embryo immediately after fertilization leading to separation of the cells into two or more embryos. The reasons for the relatively high incidence of MZ twins in humans remain unclear. There are no clear associations between MZ twinning and maternal, environmental or genetic factors and the mechanisms have not been identified, although families with a history of MZ twinning have been reported (Hamamy et al., 2004) . This review will focus on DZ twinning and recent insights into this intriguing phenomenon. We will discuss the epidemiology of DZ twinning including recent secular trends in twinning rate, the factors affecting DZ twinning in relation to natural selection, the genetics and endocrinology of DZ twinning in humans.
Epidemiology

Prevalence of twinning
Descriptions of variation in the prevalence of twinning for the Nordic Countries were made well before the 19th century. The registration of births began in the 17th century in church registries and was officially introduced in 1749 in Sweden and Finland (Eriksson, 1962) . The twinning rate is defined as the number of twin maternities per 1000 maternities and includes still births (28 weeks) as well as live births. Thus the total number of Fig. 1 from the 1970s onwards, twinning rates have increased steadily in most countries including the USA, Europe, Australia and Asia (Derom et al., 1995; Taffel, 1995; Imaizumi, 1997 Imaizumi, , 1998 . In western European countries, twinning rates rose from 9 -11 per 1000 in the 1970s to 15 -18 per 1000 by 2001 (Macfarlane et al., 2005) . Likewise, in Japan, Hong Kong and Singapore the twinning rate rose from 5 to 6 per 1000 births in 1972 to 9 per 1000 births by 2001 (Imaizumi, 2005) . Similar increases in twinning rate were also seen for the USA and Australia. The total twinning rate in the USA in 2003 was 15.8 per 1000 maternities. In addition to the total twinning rate, we described the twinning rates for black and white Americans separately because of the heterogeneity of the population in the USA. For black Americans, the twinning rate was 17.2 and for white Americans the twinning rate was 15.7 (compared with twinning rates of 16.1 in Australia and 16.4 in Europe). Twinning rates of Sub-Saharan African countries are not included in Fig. 1 because few data are available. However, Nigeria is often cited in the literature with twinning rates of 40 per 1000 maternities (Little, 1988) . Nylander reported twinning rates of 33-66.5 per 1000 maternities in Yoruba women in Western and Eastern Nigeria (Nylander, 1971 (Nylander, , 1978 and a twinning rate of 19.4 in Hausa women in the Northern part of Nigeria (Nylander, 1971) .
Within Europe, twinning rates vary considerably (Fig. 2) . In 2003, the average twinning rate in Europe was 16.4 per 1000 maternities, but rates varied widely from country to country from 11 per 1000 maternities in Luxembourg and Portugal to 20 per 1000 in Denmark, Greece and the Netherlands (Hall, 2003; Centraal Bureau, 2004a,b; Macfarlane and Blondel, 2005) .
As shown above, twinning rates vary considerably across time and place. As MZ twinning generally occurs at a constant rate of 4 per 1000 maternities around the world (Tong et al., 1997) the variation in twinning rate is generally accepted as being the result of variation in DZ twinning rates.
Contribution of iatrogenic twins in the rising prevalence of twinning
The increased use of fertility treatments such as in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), intra-uterine insemination (IUI) and ovulation induction (OI) is commonly cited as the main cause of the steep increase in twin births in the past two decades (Fauser et al., 2005; Martin et al., 2005) . Lambalk et al. (2004) showed however that the increase in opposite sex twins (i.e. DZ twins) in the period 1995 -2002 was mainly caused by natural conception (56%) and not by ICSI/IVF (35%) or OI/IUI (9%). Maternal reproductive age was significantly higher in mothers who conceived their twins after natural conception and in mothers who conceived their twins after OI/IUI. In contrast, maternal reproductive age remained the same for mothers who conceived their twins after the use of ICSI or IVF over the period . Lambalk et al. (2004 therefore argued that the increase in twin births in the Netherlands was due not only to the use of ART, but also to the increase in maternal reproductive age. It is difficult to say whether maternal age or ART causes the increase in multiple births in the OI/IUI group because maternal age also increased significantly in this group. Tandberg et al. (2007) agrees with the general argument that most of the increase in twinning frequency comes from maternal age, but also suggests Figure 1 : Twinning rates in the USA (total/white/blacks), Europe, Australia and Asia. NB. Twinning rates are presented in terms of twin maternities per 1000 maternities from sources listed in Table 1 age and ART does not account for all the increase. Recently Jones (2007) showed that in the USA in 2003 the greatest number of twin births resulted from natural conception (60.1%), but a very large number of twins are also born after OI/IUI (31.6%). However, he did not control for maternal age which means that the percentages of spontaneous twin births could be underestimated and the percentages of OI/IUI births overestimated.
Factors affecting twinning
Major factors influencing twinning are maternal age, parity and genetic inheritance. An important early contribution to the study of twinning in relation to maternal characteristics was made in 1865 by the Scottish physician Matthews Duncan, who reported an increase in twin pregnancies with an increase in maternal age (Bulmer, 1970) . Duncan also described an increased risk of twinning with increased parity, the number of children born to the mother prior to the twin pregnancy. Although maternal age and parity are highly correlated, the effects are independent of each other (Bulmer, 1970) . It was later discovered that these factors predominantly influence the DZ twinning rate, and not the MZ twinning rate (Bulmer, 1970; MacGillivray et al., 1988) . DZ twinning rate increases 4-fold from age 15 to 35 (Bulmer, 1970) . The decline in the DZ twinning rate in the early 20th century reflected a decrease in mean maternal age and a lower number of maternities. The increase in twinning rate reported in the late 1970s has been mainly associated with an older age at childbearing (Derom et al., 1995; Lambalk et al., 2004) . The increased use of fertility treatments such as in vitro fertilization (IVF) in the late 1980s further added to the rising incidence in twin births (Fauser et al., 2005; Martin et al., 2005) .
Body composition has been linked to twinning. Nylander showed that for tall women (164 cm and over), the relative risk of having twins was 1.5-2.0 times higher than for short women (under 155 cm), after standardization for age and parity (Nylander, 1981) . Other research found a direct, but somewhat inconsistent association between increased maternal height and DZ twinning (Bortolus et al., 1999) . Recently, Basso and colleagues found a similar trend (Basso et al., 2004) . Twin mothers were taller and had a higher body mass index (BMI) compared to mothers of singleton children. A BMI of less than 20 was associated with a lower risk of twinning and a BMI of 30 or more was associated with a higher risk of twinning. These results remained after correcting for maternal age and parity (Basso et al., 2004) . Derom et al. (1995) 1960-2000 Denmark, Netherlands, W-Germany, UK, Luxembourg, Belgium Eriksson and Fellman (1967 , 1973 ) 1950 -1960 Finland, Sweden Little (1988 ) 1950 -1970 Bulgaria, Ireland James (1995 ) 1960 -1980 UK, Belgium Imaizumi (1997 1972-1996 Austria, Finland, Norway, Sweden Astolfi et al. (2003) 1975-1995 Italy, Norway, Sweden, Austria, UK Centraal Bureau voor de Statistiek (2004a Statistiek ( ,b) 1950 Statistiek ( -2003 The Netherlands Macfarlane and Blondel (2005) 1998-2002 Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, The Netherlands, Portugal, Spain, Sweden, UK USA Bulmer (1970 Bulmer ( ) 1950 Bulmer ( -1960 USA (American whites and blacks) Terry (1962) 1960 USA, birth records of NCHS Little (1988) 1978-1979 USA, not specified Jewell and Yip (1995) 1980-1989 USA, birth records of NCHS Martin and Park (1999) 1980-1997 National Vital Statistics Report (NCHS) Kiely and Kiely (2001) 1971-1998 USA, birth records of NCHS Martin et al. (2002) 2000 National Vital Statistics Report (NCHS) Mathews and Hamilton (2002) South-Africa, Ghana Nylander (1969 Nylander ( , 1979 1970 Nigeria
Significantly higher multiple birth rates have been reported in mothers who smoke (Olsen et al., 1988; Parazzini et al., 1996) , although insufficient control for covariates (Olsen et al., 1988) and limited power (Parazzini et al., 1996) suggest caution in interpretation of these findings (Kallen, 1998) . A recent prospective study in Denmark supports a small effect of smoking on twinning (Morales-Suarez- Varella et al., 2007) .
Associations with socio-economic status (SES) have also been reported (MacGillivray and Campbell, 1978; MacGillivray et al., 1988) but findings on differences in twinning by SES are often difficult to interpret. This may be due to ambiguity of definition and because of its interrelation with factors associated with SES, like height, weight, smoking behavior and age of the mother at birth of the children (Campbell, 2005) .
Seasonal variation influences DZ twinning. Higher rates of DZ twinning are reported for conceptions during summer and autumn in several countries (Dionne et al., 1993; Sharma, 1997; Fellman and Eriksson, 1999; Eriksson and Fellman, 2000) , although this trend is not seen in all studies (Bonnelykke et al., 1987; Krieger et al., 1996) . The seasonal variation appears stronger for data from the 19th century compared with recent trends (Fellman and Eriksson, 1999; Eriksson and Fellman, 2000) . Seasonal variation in day length may influence hormonal concentrations driving ovarian activity and influence fertility and multiple ovulation (Dionne et al., 1993) . Seasonal changes in food supply may also have contributed to stronger effects in the past (Eriksson and Fellman, 2000) .
Two iatrogenic factors; the use of oral contraceptives and folic acid are also reported to influence DZ twinning (Ericson et al., 2001; Lumley et al., 2001; Li et al., 2003) . Some studies found an increase in twin births associated with the consumption of folic acid around the time of conception (Ericson et al., 2001; Kallen, 2004; Vollset et al., 2005) , whereas others were not able to replicate these findings (Li et al., 2003; Berry and Kihlberg, 2005) . The issue is important since large scale preconception use of folic acid has been introduced for the prevention of neural tube defects (Botto et al., 1996) and folic acid may increase the chance of successful implantation and survival of two embryos (Lumley et al., 2001) . No clear relationship has been established and data may be confounded by fertility treatment and maternal age (Levy and Blickstein, 2006) . Recently a systematic review evaluated 12 studies to examine if the preconception use of folic acid increases the risk of twinning (Muggli and Halliday, 2007) . They concluded there is some evidence for a positive relationship between preconception folic acid use and twinning. However, the relationship is tentative and additional well-designed studies are required that focus on the dose relationship and obtain accurate data on infertility treatments (Muggli and Halliday, 2007) .
Earlier studies investigating a possible association between oral contraceptives and twinning found a decrease in DZ twinning rates after the use of oral contraception and sometimes an increase in MZ twinning rates (Macourt et al., 1982) . In 1977, Rothman evaluated the effect of oral contraceptives on reproduction (Rothman, 1977) . Twinning was more frequent when mothers became pregnant soon after they stopped taking oral contraceptives, and the increase was mainly caused by DZ twins. A large study in Aberdeen found no association between the use of oral contraception and either MZ or DZ twinning (Campbell et al., 1987) . In this study, zygosity was determined from blood samples and placentation, and data regarding oral contraceptive use was collected prior to the twin pregnancy with three control groups. A more recent study however did find an increased risk of twinning after discontinuation of the oral contraceptive pill (Murphy et al., 1989) .
A theoretical reason for an increased risk of DZ twinning after taking oral contraceptives is that the hypothalamic-pituitaryovarian axis (HPO-axis) has to recover from the effects of exogenous steroids, causing a temporary increase of FSH levels (Jernstrom et al., 1995) . A clinical situation that mimics such a condition is when women with hypothalamic amenorrhea are treated with GnRH to induce ovulation where in the first treatment only this leads to higher FSH levels in association with multiple follicle growth and an increased risk of multiple pregnancies (Lambalk et al., 1998b) .
Genetic factors
The initial link between body composition and twinning was made by Tchouriloff in 1877. He argued that taller women are more likely to bring a twin pregnancy to full-term because of their body size, and are therefore predisposed to conceive twins (MacGillivray et al., 1988) . As height was already known to be an inherited characteristic, this was the first attempt to link twinning with heredity. Later Weinberg (1901) discovered familial clustering of DZ twin pregnancies. He found that mothers, sisters and daughters of mothers with multiples, had increased risks of conceiving a multiple by 39, 95 and 30%, respectively. However, he could not find this increased risk in relatives on the paternal side. Furthermore, he compared the twinning rate among the relatives of mothers of opposite and same sex twins, using his differential method (Weinberg, 1934) . This method is based on the numbers of same and opposite sex twins. According to this method, the DZ twinning rate (DZr) can be estimated by doubling Table 1 the number of opposite sex twins (OS) and dividing the number by the total number of maternities (N) (DZr ¼ 2OS/N). The MZ twinning rate (MZr) can be estimated by subtracting the number of OS twins from the number of same sex (SS) twins and dividing the number by the total number of maternities (N) (MZr ¼ (SS2OS)/N). He found twinning rates of 22.0 and 11.1, respectively, in contrast to a twinning rate of 11.9 in the general population. Weinberg therefore suggested that the inheritance of DZ twinning was restricted to the female line. In 1934, Greunlich disputed this as he found that the paternal side was as important as the maternal side in determining the twinning rate in siblings of fathers and mothers of twins (Greunlich, 1934) . Later, Wyshak and White, however, analysed the inheritance of twinning using data obtained from the archives of the Genealogical Society of the Mormon Church in Salt Lake City and concluded that DZ twinning is determined by recessive genes, and limited to the female side (White and Wyshak, 1964; Wyshak and White, 1965) . Further support was obtained from a study by Bulmer (1970) showing that only relatives of mothers of twins report significantly higher twinning rates in other family members. In this study, the risk of conceiving a twin was 1.7 times higher in female relatives than in male relatives. Looking in more detail at the DZ twinning rate among female relatives, he showed that the risk of having a DZ twin is 2.5 times higher than the twinning rate in the general population for women with a sister with DZ twins. For mothers and daughters of a mother with a DZ twin this was about twice as high as the risk for the general population (Bulmer, 1970) . Studies in Italy reported significantly increased twinning in maternal relatives and some evidence for an increase among paternal relatives of DZ twins (Parisi et al., 1983) .
More recently, Meulemans and colleagues (1996) investigated the inheritance of DZ twinning in 1422 Dutch and Flemish pedigrees of mothers of spontaneous DZ twins by formal pedigree analysis. Analysis showed that the phenotype of "having DZ twins" is consistent with an autosomal monogenic dominant model. This finding means that the phenotype of giving birth to a twin is expressed in women, but can be inherited from both the maternal and the paternal side. In the same period, Lewis and colleagues (1996) investigated frequencies of other twins in families of 6596 twin pairs from the Australian Twin Registry. They found a relative risk of 1.7 and 2.5, respectively, for sisters of mothers of DZ twins and offspring of female DZ twins. The evidence strongly suggests that genetic contribution to DZ twinning is a trait expressed by the mother that may be inherited from either parent. Limited evidence for a paternal effect was recently supported by a small study showing semen quality of the father may play some role in twinning (Asklund et al., 2007) . DZ twinning is influenced by many genes (see below) and unlikely to be a simple dominant or recessive trait.
Natural selection for twinning
Twinning is often associated with complications during pregnancy and delivery for both the mother and the twins (Gabler and Voland, 1994; Conde-Agudelo et al., 2000; Elster, 2000) . So why do women have twins, when the costs are so high? Two hypotheses have been put forward to explain the human twinning rate; the 'the insurance ova hypothesis' (Anderson, 1990 ) and the 'natural selection hypothesis' (Lummaa et al., 1998) . The insurance ova hypothesis states that producing more then one ovum increases the probability that at least one will be fertilized and survive to term. Conceiving twins is therefore a by-product of selection for increased fertility (Anderson, 1990) . The second hypothesis views twinning as either adaptive, or maladaptive, depending on the environment (Lummaa et al., 1998) . Lummaa and colleagues investigated their natural selection hypothesis by comparing the lifetime reproductive success between singleton and twin mothers living on the archipelago of Å land and Å boland and the mainland of Finland. In the food rich archipelago, lifetime reproductive success was maximized for mothers having twins. In contrast, in the poorer mainland environment, lifetime reproductive success was maximized by having singletons (Lummaa et al., 1998) . The fall in DZ twinning rate associated with malnourishment in World War II and subsequent increase in DZ twinning rates when food availability became stable again (Bulmer, 1970) provide further support for this 'natural selection' hypothesis.
Helle and colleagues contrasted both hypotheses in three historical Sami populations from Northern Scandinavia. They found that twin mothers had a higher overall reproductive success compared with singleton mothers. Mothers of twins started reproduction at a younger age, and continued for longer; they had higher lifetime fecundity and raised more offspring to adulthood in all studied populations. However, if the mother begun to reproduce at a very late age (.37 years), or if she had a long reproductive life span (.20 years), it was more favorable to produce singletons (Helle et al., 2004) . This finding indicates that women predisposed to having twins are more likely to produce twins in a healthy reproductive environment (Helle et al., 2004) .
Mechanisms controlling DZ twinning
It is generally accepted that hereditary DZ twinning results from the fertilization of two separate oocytes by two sperm (Hall, 2003) . The increase in multiple ovulation (and twinning frequency) resulting from improved nutrition or specific genetic mutations is well documented for other species (Montgomery et al., 1988 (Montgomery et al., , 1993 Hunter et al., 2004) . Direct observations of increased multiple ovulation in human twinning have not been made. However, increased follicle recruitment has been observed in mothers of spontaneous twins (Martin et al., 1991b) and similar genome-wide allele sharing for DZ twins and sibs supports the view that DZ twins arise from multiple ovulation and subsequent fertilization and survival.
Growth and selection of follicles destined for ovulation is controlled by a complex regulatory network within the hypothalamicpituitary-ovarian axis (Fig. 3) . Two hormones from the pituitary gland are essential for reproductive function. These are the two gonadotrophins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH) and the concentrations of both FSH and LH change in characteristic patterns during each menstrual cycle. FSH concentrations begin to increase at the beginning of each cycle starting a new wave of follicle growth among the larger follicles in the growing pool. In turn, the growing follicles secrete hormones that signal back to the brain and pituitary gland causing FSH concentrations to fall. Few follicles can sustain growth in a time of falling FSH concentrations . Usually, development of one dominant follicle takes place when FSH concentrations reach a required threshold early in each cycle (Brown, 1978; Baird, 1987) . Multiple follicle growth results when greater FSH concentrations occur at the time of follicle selection or when FSH concentrations exceed the threshold for too long (Baird, 1987; Schoemaker et al., 1993) .
Recent studies have defined a complex signaling network within the ovarian follicle itself Roy and Matzuk, 2006) . This pathway responds to the external FSH and LH signals and ensures coordinated growth and development of the oocyte and other follicle cell types. Major players include two closely related growth factors expressed specifically in the oocyte, namely bone morphogenetic protein 15 (BMP15) and growth differentiation factor 9 (GDF9) . These growth factors bind to the specific receptors expressed on multiple cells in the ovary ensuring that the oocyte is supported during growth and development.
Mothers of DZ twins have elevated FSH concentrations (Nylander, 1974; Martin et al., 1984; Lambalk et al., 1998a,b) suggesting that factors influencing twinning may operate through an increase in secretory drive from the hypothalamic-pituitary system. However, increased FSH concentrations have not been observed in all studies (Gilfillan et al., 1996) . There is evidence for an increase in the number of FSH pulses in the early follicular phase in mothers of DZ twins (Lambalk et al., 1998a) . These FSH pulses occur without a concurrent LH pulse. LH secretion and both the LH and the FSH responses from the pituitary to gonadotrophin releasing hormone (GnRH) were not different (Lambalk et al., 1998a) .
FSH release is regulated by feedback from inhibin peptides in the ovary (Fig. 3) . Inhibin produced by the ovary acts as a classic hormone at the level of the pituitary by inhibiting pituitary FSH synthesis and release (Baird and Smith, 1993) . There are two forms of inhibin, inhibin A and inhibin B; both forms consist of two sub-units, a common a-subunit (INHA) and either b a or b b (INHBA and INHBB, respectively) (Martin et al., 1991a; Burger et al., 1995) . No differences in concentrations of inhibin A or B were detected across the menstrual cycle between mothers of DZ twins and controls (Gilfillan et al., 1996; Lambalk et al., 1998a) suggesting no difference in the mode of ovarian feedback on FSH concentrations. The data indicate that neuroendocrine mechanisms may be involved in the generation of higher FSH levels in hereditary twinning (Martin et al., 1984; Lambalk et al., 1998a) .
The age related increase in the frequency of DZ twins
The chance of having DZ twins increases approximately 4-fold with increasing maternal age (Bulmer, 1970) . The reason for the increase in twinning frequency with age is thought to lie in the dynamic interplay of hormonal signals between the pituitary gland and the ovary (Lambalk et al., 1998b) . In younger women, there is usually a pool of growing follicles ready to respond immediately to the rise in FSH at the beginning of each menstrual cycle. The immediate response is to send hormonal signals back to the brain and pituitary gland to turn down the FSH signal (Baird, 1983; Baker and Spears, 1999; Macklon and Fauser, 2000; Zeleznik, 2001 ). This stops the growth of other follicles and the one dominant follicle usually goes on to ovulate at mid-cycle.
With age, the pool of ovarian follicles available to grow and respond to the hormonal signals diminishes (Lambalk et al., 1998b) . Consequently, when FSH rises at the beginning of each cycle, large follicles may not be available to respond rapidly to this signal. Sometimes hormonal feedback from two smaller follicles needs to be combined before the message gets through to turn down the FSH signal. When this happens both follicles mature and ovulate increasing the chance of having twins. As the pool of growing follicles decreases further, the feedback signal diminishes and the background concentration of FSH rises, further increasing the chance of two follicles ovulating and giving rise to twins (Lambalk et al., 1998b) . Thus the increase in DZ twinning with age is thought to be due to rising FSH concentrations driving the selection of more ovarian follicles.
Genetic variants contributing to DZ twinning
One approach to better understand mechanisms contributing to variation in twinning is to identify the gene or genes that account for the genetic variation in DZ twinning. Given our current understanding of mechanisms contributing to ovarian follicle selection and twinning, an obvious place to look is within the complex regulatory network of the hypothalamic-pituitary-ovarian axis (Fig. 3) . Candidate genes include the genes coding for FSH and the specific transmembrane receptor for FSH (FSHR). Al-Hendy and colleagues suggested that two linked mutations (Thr307Ala and Asn680Ser) causing a higher sensitivity of the FSH receptor to FSH, may contribute to variation in twinning (Al Hendy et al., 2000) . However, other researchers could not agree with the conclusions of these authors, stating that it is very doubtful the mutations are responsible for variation in DZ twinning (Derom et al., 2001; Gromoll and Simoni, 2001; Liao et al., 2001 ). Montgomery and colleagues sequenced the transmembrane region of the FSHR in 21 unrelated mothers of DZ twins and found no association. Furthermore, a linkage study of 183 sister pairs with spontaneous DZ twins excluded linkage to the region on chromosome 2 where FSHR is located which suggest that mutations in FSHR are not a common cause of hereditary twinning .
Polymorphisms in the INHA gene located on chromosome 2 in humans were typed in DZ twinning families . There was no evidence for association between variation at the a-inhibin locus and DZ twinning. Although the inhibin B form of inhibin could be an interesting candidate to investigate for association with DZ twinning, the authors also suggest that mutations in other candidates on chromosome 2, like the b b -inhibin subunit cannot be major contributors to risk for DZ twinning .
Lessons from animal studies
The number of offspring is an important economic trait in farmed animals and factors influencing variation in twinning and litter size have been studied extensively. Sheep provide a valuable model because most breeds have singles or twins, but some strains have a high incidence of triplets and higher order multiples (Montgomery et al., 1992 . This high frequency of twins and triplets is influenced by genetic background. Studies of one of these strains 30 years ago showed that the high litter size resulted from the actions of a single gene (Montgomery et al., 1992) . At the time this was a surprise because genetic effects on twinning were thought to result from the actions of many genes with small effects rather than the actions of one or two genes (or variants) of large effect. The discovery sparked a worldwide search to find the gene responsible and to look for other sheep strains with single genes affecting twinning Moore et al., 2004) .
Both searches were successful. Mutations have been found in three different genes that increase the frequency of twinning (Galloway et al., 2000; Mulsant et al., 2001; Souza et al., 2001; Wilson et al., 2001; Hanrahan et al., 2004) . Two of these genes are closely related growth factors expressed specifically in the oocyte and known as bone morphogenetic protein 15 (BMP15) (Galloway et al., 2000) and growth differentiation factor 9 (GDF9) (Hanrahan et al., 2004) . The third gene is the receptor for BMP15 expressed on multiple cells in the ovary and known as bone morphogenetic protein receptor 1B (BMPR1B) (Wilson et al., 2001; Mulsant et al., 2001) . The mutations increasing twinning in sheep are all found in these three genes within the ovary suggesting, at least for this species, the primary control of the number of ovulated follicles and hence twinning frequency resides within the ovary itself .
Some of these mutations are also associated with infertility (Galloway et al., 2000; Hanrahan et al., 2004) , when individuals carry two copies of the mutations. Infertility in sheep for some mutations in BMP15 and GDF9 is recessive. Carriers of one copy of the mutation have more twins, whereas carriers with two non-functional copies of the gene exhibit a failure of normal ovarian development and are infertile.
The role of genes from ovarian regulatory pathways in human DZ twinning GDF9 and BMP15 are both expressed in human oocytes and play important roles in folliculogenesis. The role of common variation in GDF9 influencing DZ twinning was tested by genotyping markers across the gene in families with spontaneous DZ twins (Montgomery et al., 2004) . Six common alleles of human GDF9 were identified with no evidence for association with DZ twinning. DNA sequencing in 20 mothers of DZ twins found a loss of function mutation on one copy of the GDF9 gene in one family (Montgomery et al., 2004) . The mutation was present in two sisters with spontaneous DZ twins and inherited from their father. A further search for GDF9 variants in mothers of spontaneous DZ twins was carried out in additional families (Palmer et al., 2006) . Two novel deletions and four missense alterations in GDF9 were identified in mothers of DZ twins. One deletion mutation was identified in two families and in each family was carried by two sisters with DZ twins including one individual with three sets of DZ twins. Taken together, the frequency GDF9 variants were significantly higher in mothers of DZ twins compared to controls. Variants contributing to increased twinning are summarized in Fig. 4 and appear to double the chance of having twins for women who carry the variants. However, the frequency of the variants is low (,4% for all variants) and so the contribution of these variants to the overall incidence of twinning is small.
The search for other genes
Several groups are collecting families with a high incidence of twinning to identify genes contributing to twinning variation. The standard method to search for genes is to follow the inheritance of fragments across all chromosomes in the families and look for chromosome segments more often inherited together in mothers of twins. One candidate for multiple ovulation and increased fertility is the protease inhibitor locus (Pi). Analysis of Pi types in twins suggested that intermediate antitrypsin deficiency was more common in twins and parents of twins and increased fertility may provide a selective advantage to maintain polymorphism at this locus (Lieberman et al., 1978) . In a sample of 160 Dutch twin families, mothers of DZ twins carried the S and the Z allele at the protease inhibitor (Pi) three times more frequently than a control sample (Boomsma et al., 1992) . It was argued that the S allele might increase the risk of multiple ovulations and increase multiple gestations, because mothers of MZ twins also had an increased frequency on the S allele.
Almost 20 years ago, female carriers of the fragile X (FRAXA) syndrome were found to have an increased risk of DZ twin pregnancies (Fryns, 1986; Kenneson and Warren, 2001) . Three classes of the gene (FMR1) are defined by the number of CGG repeats. Individuals with less than 60 CGG repeats have a normal gene. Individuals with 55-200 CGG repeats have a premutation which means they carry an unstable mutation which can expand in future generations. Individuals with over 200 repeats have a full mutation which causes fragile X syndrome. Carriers of the FMR1 premutation are at risk for POF, early menopause, ovarian dysfunction and an increase in DZ twinning (Schwartz et al., 1994; Turner et al., 1994; Vianna-Morgante, 1999; Welt et al., 2004) . However, Healey et al. (1997) found no premutations or full mutations in mothers of spontaneous DZ twins and concluded that FMR1 can play no more than a minor role in the inheritance of DZ twinning. Associations with twinning may relate to earlier ovarian aging in premutation carriers (Welt et al., 2004) .
Recently, Busjahn and colleagues (2000) reported that a C!T substitution allele in the gene PPRAG on chromosome 3p25 encoding peroxisome proliferator-activated receptor (PPARg) is associated with DZ twinning. This gene might also be involved in the intra-uterine selection and thus survival of the unborn twins (Busjahn et al., 2000) . Duffy and colleagues (2001a) could not replicate linkage at the PPRAG gene region for either survival of twin pregnancy or multiple ovulation.
Recently a genome-wide linkage scan for natural DZ twinning was conducted in 14 Flemish families. The observed peaks were highest under a dominant model of inheritance, with LOD scores of 1.51, 1.36 and 1.99 found on chromosome 2, 7 and 18, respectively (Derom et al., 2006) . These chromosomes may contain genes contributing to the variation in DZ twinning, but clarification awaits further study. The results also allowed examination of evidence for contributions to DZ twinning from common variation at many of the candidates discussed above, including genes from the pituitary-ovarian axis implicated in control of DZ twinning (Fig. 3) . A role for many of these genes was excluded (Derom et al., 2006) . These conclusions agree with previous studies for inhibin alpha (INHA; Montgomery et al., 2000) , FSH receptor (FSHR) , bone morphogenetic protein receptor 1B (BMPR1B) (Duffy et al., 2001b) and methylenetetrahydrofolate reductase (MTHFR) (Montgomery et al., 2003) . There was no evidence for linkage in the region of GDF9 (Derom et al., 2006) , despite the recent evidence for mutations in GDF9 increasing the chance of having twins (Palmer et al., 2006) . However, the frequency of these rare GDF9 mutations is low. They contribute only a small proportion to the variation in twinning and the signal would not be picked up in the linkage scan. It is therefore possible that rare mutations in other candidates could still contribute to twinning in some families.
Relationship between twinning and premature ovarian failure GDF9 and BMP15 are critical genes for normal human fertility (Di Pasquale et al., 2004 Dixit et al., 2005 Dixit et al., , 2006 . A dominantnegative mutation in BMP15 identified in Italian sisters causes ovarian dysgenesis (Di Pasquale et al., 2004) and recent studies found higher frequencies of rare mutations in both GDF9 and BMP15 in patients with premature ovarian failure (POF) when compared with controls (Dixit et al., 2005 (Dixit et al., , 2006 Di Pasquale et al., 2006; Laissue et al., 2006; Kovanci et al., 2007) . POF is diagnosed when women younger than 40 years have unexplained amenorrhea for longer than 6 months, have high FSH levels and low estrogen levels (Coulam et al., 1986) .
Mutations in GDF9 in mothers of DZ twins and in patients with POF imply a possible direct relationship between twinning and POF. Mothers of DZ twins reach menopause significantly earlier than mothers of MZ twins (Martin and Park, 1999; Gosden et al., 2007) . The small increase in the frequency POF in mothers of DZ twins could be explained by mutations in GDF9 and BMP15 influencing both aspects of ovarian function. The variants detected in GDF9 in mothers of twins (Palmer et al., 2006) were different from variants in POF patients in India (Dixit et al., 2005) , although this may reflect the different populations used for the studies. Future studies should examine whether the same variants in GDF9 and BMP15 affect both twinning and POF via common mechanisms or whether different variants affect these two aspects of human fertility.
Summary
MZ and DZ twins arise through different mechanisms. Mechanisms for MZ twinning remain obscure, but both types of twinning probably have their origins in the complex regulation of growth and development of the ovarian follicle and early embryo. More is known about the factors involved in DZ twinning. Maternal age has played a major role in fluctuations in twinning frequency during the last 100 years following changing demographic trends. Other factors including body composition, height, seasonality and smoking also seem to contribute to the variation in DZ twinning frequency.
Genetic background contributes significantly to variation in DZ twinning both between and within populations. The known effects of maternal age and genetic variation on DZ twinning suggest that in women the number of follicles that ovulate is controlled by both external hormonal drive and growth factor signaling within developing follicles. Genetic mapping studies in humans and other species are beginning to identify the genes and pathways contributing to the variation in DZ twinning. Associations with a-1-antitrypsin and FMR1 should be regarded as tentative and effects of FMR1 may be indirect through accelerated ovarian aging. Recent studies have shown that mutations in the oocyte specific growth factor GDF9 contribute to both DZ twinning and to premature ovarian failure. Future studies will examine whether variants in GDF9 and BMP15 affect both twinning and POF via common mechanisms or whether different variants affect these two aspects of human fertility. Greater understanding of the causes of DZ twinning may provide new insights into mechanisms influencing both fertility and infertility.
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